Fragmentation of human urinary and biliary stones by shock waves in extracorporeal lithotripsy is accompanied by tissue damage. Both the fragmentation as well as the side effects are often attributed to cavitation. The hazardous potential of cavitation is not only of a physical nature but also of a chemical nature, because of the generation of free radicals, e.g..OH, .H and '02. After the application of shock waves, we have demonstrated cavitation-generated free radicals in cell-free solutions and also in the surviving and intact suspended MGH-U1 cells by hydroethidine measurements. Under electron microscopical inspection, the same cells exhibited perinuclear cisternae, damaged mitochondria and numerous intracellular vacuoles. The contribution of free radicals to cell damage was investigated by reducing the vitamin E level in rats by a tocopherol free diet and by incubating L1 210 cells in a tocopherol enriched medium. After 250 shock waves, ex vivo erythrocytes revealed a 75% increase in total cell disruption over cells from non-depleted rats. The in vitro experiments with L1 210 cells exhibited a moderate protection by the addition of this scavenger of free radicals.
treatment with trypsin (Serva, Heidelberg, Germany; 0.25% in PBS) and mechanical dispersion.
L1210 cells, a mouse leukemia suspension line 14'15 were maintained as described for MGH-U1 cells, but the culture medium was additionally supplemented with 180pM sodiumpyruvate and 5/~M mercaptoethanol. L1210 cells were cultured for 14 days in the absence or presence of different concentrations of all-rac-c~-tocopherol (10 -4 to 10 -1 M). Vitamin E was applied as pure c~-tocopherol, partially emulsified in the culture medium by a 90 s sonification (Bransonic 220, Branson, Europe, Soest, The Netherlands), or as an emulsion of 5% e-tocopherol and 15% modified fish gelatine. Cells were centrifuged (5 min, 500 g) and washed twice before treatment with fresh culture medium to exclude any effect of extracellular ~-tocopherol not incorporated into the cell membrane, or of residual gelatine. The final concentration was adjusted to 2 3 x 105 cells ml-1. The viability of cells after shock-wave treatment was determined by combined measurements with a cell counter (Coulter Counter D Industrial, Coulter Electronics, Hialeah, FL, USA) excluding destroyed cells, and a flow cytometer (FACS-Analyser, Becton-Dickinson, Heidelberg, Germany) using a double staining method for distinguishing viable from dead cells 16 . Cells which hydrolysed fluorescein diacetate and, therefore, exhibited the green fluorescence of fluorescein were considered as viable, whilst cells with membranes which did not exclude the dye propidium iodide showed a red fluorescence and were counted as dead (for details see Reference 4) . Additionally, the growth rates of cells after shock wave treatment and untreated controls were compared for at least 8 days by inoculating equal concentrations of vital cells in suspension-culture flasks and counting aliquots in daily intervals.
Experiments with rat erythrocytes: female rats, strain Ibm: RORO (SPF), were obtained from the Biological Research Laboratories Ltd (Fuellinsdorf, Switzerland). The animals were divided at random into two groups. The controls (Nos 1-6) received a diet adequate in all vitamins and micronutrients. The experimental group (Nos 7 11) was kept on the same diet without vitamin E 17. After six weeks the vitamin E depletion in the experimental group was ascertained by plasma pyruvate kinase (E.C. 2.7.1.40) activity (>800Ulitre -1) (see Reference 17) . For further investigation, blood was taken by heart puncture and stabilized with ACD-solution (acidum citricum/dextrose; see Reference 18) . Cells were washed with PBS for shock-wave treatment and the final concentration adjusted to 2~4 x 107 cells m1-1. After shock-wave treatment, cells were centrifuged (10min, 500 g), the number of intact cells was determined in an electronic cell counter, and the amount of free haemoglobin in the supernatant was measured photometrically by the cyano-haemiglobin method (DIN 58 931).
Detection of free radicals: the extra-and intracellular detection of cavitation-generated free radicals has been described 19. Briefly, we used hydroethidine, a dye which changes fluorescence from blue to red after oxidation to ethidium. The dye has already been used for the intracellular detection of radicals during respiratory burst, in stimulated leukocytes 1°. Hydroethidine is trapped inside the cells after oxidation to ethidium which shows a significant increase in fluorescence after intercalation in the DNA zl. The fluorescence of shock wave treated cells and controls was determined by flow cytometry, and the fluorescence of dye solutions by spectrofluorometry (LS-3B, Perkin-Elmer, Qberlingen, Germany). For each experiment, the change in fluorescence is given as the ratio of the fluorescence of the shock wave treated sample and the untreated control. The significance was tested using the two-sided Mann-Whitney U-test.
Electron microscopical histology: cell cultures were fixed in 2.5 % glutaraldehyde (Merck, Darmstadt, Germany) in 0.1 M PBS at pH 7.1 for 1 h at room temperature. Postfixation in 1% osmium tetroxide (Merck) in 0.1 M PBS was followed by dehydration in ethanol (8 rain in 40, 50, 60, 70 and 80% ethanol, 2 x 15min in 96% and 100% ethanol) and propylene oxide (2 x 15 rain). After impregnation overnight with 2:1 and 1:1 mixtures of propylene oxide and the epoxy resin Glycidether 100 (former Epon 812, C. Roth, Karlsruhe, Germany) as well as with the pure epoxy resin, respectively, cells were embedded in gelatine capsules and polymerized for 12 h at 40 °C and at least 48 h at 70 °C. Specimens were thin sectioned with a diamond knife on a Reichert OM U3 ultramicrotome (Reichert-Jung, NuBloch, Germany), stained with uranyl acetate and lead citrate and examined with a Zeiss EM 10A electron microscope at 60 kV.
Shock-wave treatment: single cell suspensions were transferred into polyethylene pipettes (4.5ml, Brand, Wertheim, Germany) and treated with shock waves. The pipette ball was submerged in the partially degassed (2.0-2.5 mg O2 litre 1, 37 °C) waterbath of an experimental spark-gap lithotripter XL-I (Dornier Medizintechnik, Germering, Germany) and positioned into the target focus of the brass semi-ellipsoid. Rat erythrocytes and L1210 cells were exposed to shock waves at a repetition frequency of 1 Hz and a generator voltage of 18 kV, MGH-U1 cells and dye solutions at 1 or 8 Hz. Controls were kept in a waterbath at the same temperature and for the same time span as the corresponding shock-wave treated probes. Electrodes were not used for experiments prior to the first 50 and after 1500 electrical discharges.
Results and discussion
The appearance of cavitation zz during extracorporeal shock-wave lithotripsy is not questioned and was often assumed as a mechanism for stone fragmentation 13,24 and tissue damage 2s. Some publications report evidence for cavitation in vivo: cavitation bubbles were observed by ultrasonic imaging during shock wave exposure of piglets 26 and dogs 27 as well as in patients/s. Acoustic measurements indicated cavitation in rats and mice z9 and Beagle dogs 3°. Cavitation occurs in liquids and is more frequently observed when cavitation nuclei are present 31, it appears, therefore, also in vivo in the interstitial space or in liquid-filled cavities. Along with the mechanical effects of cavitation -surface ablation by jet streams of high velocity accelerated from asymmetrically collapsing bubbles there also exist chemical effects mediated by cavitation-generated free radicals. With different probes sensitive to oxidation, free radicals have been demonstrated after shock-wave application to cell free solutions 7, 8, 19 .
The incidence of intracellular cavitation is uncertain, but cavitation-generated free radicals could explain the intracellular damage in otherwise intact cells after shock-wave treatment of cell suspensions 31'33. We, therefore, used hydroethidine, a fluorescent dye suitable for the detection of extra-and intracellular free radicals and were successful in demonstrating an increase of The amount of extracellularly produced free radicals at a repetition frequency of 8 Hz is higher than at 1 Hz. This is attributable to a higher cavitational activity, because collapsed cavitation bubbles act as cavitation nuclei with a very short lifetime. With increasing shock-wave repetition-frequency, therefore, an increasing number of cavitation nuclei is observed 7.
The origin of the shock-wave induced intracellular free radicals is not quite understood. These radicals may be generated in intracellular microcavitation, but most of the cells, which were subject to an intracellular cavitation, will presumably be destroyed. These cells are not distinguishable from cells destroyed by extracellular cavitation, e.g. via microjets or shear stresses. Destroyed cells, however, cannot be detected with flow cytometry, the measured intracellular increase in radical-induced fluorescence, therefore, is only due to cells which remain geometrically intact. Intracellular cavitation depends on intracellular cavitation nuclei which could be present in liquid-filled vacuoles found in MGH-U1 cells 12 ( Figure  2a) . Obviously, conditions for the initiation of intracellular cavitation are given but since the threshold for cavitation is rather high in liquids of high viscosity 24,36, the high intracellular viscosity may keep expanding cavitation bubbles within a cell small, and prevent the total cell disrupture. Otherwise, intact cells are then characterized by alterations in shape and ultrastructure of mitochondria as well as of the nuclear envelope (Figure 2b) . Occasionally, cells can be severely damaged and look like spherical ghosts with destroyed intracellular organelles, but they are still surrounded by an intact cell membrane ( Figure   Shock waves and free radicals. D. Suhr et al.   2c ). Both types of cellular damage may be identified but not distinguished by an increased intracellular fluorescence after oxidation of hydroethidine. Whether free radicals are intracellularly produced by sonochemically active cavitation bubbles or are released from endogenous pools of free radicals remains unclear. Mechanically injured mitochondria could be such a source for free radicals escaping the respiration chain. Another explanation for the occurrence of intracellular free radicals would be extracellular cavitation and diffusion of radicals across the cell membrane into the cytoplasm. In this case, however, radicals would rather react with the polyunsaturated fatty acids of the cell membrane 37.
Free radicals cause severe tissue damage leading to a release of cytoplasmic proteins, e.g. the Tamm-Horsfall protein 38, which was also measured in the urine of patients as a parameter for kidney damage after sh0ck-wave lithotripsy 39. We, therefore, investigated in vitro the contribution of cavitation-generated free radicals to shock wave-induced cell damage by varying the cellular amount of vitamin E, a scavenger of free radicals. Vitamin E is a generic term that includes all compounds exhibiting the biological activity of e-tocopherol. This major lipid soluble antioxidant captures free radicals, terminates the lipid peroxidation chain reaction and thus protects the polyunsaturated fatty acids in cellular and subcellular membranes 37. An increase in the concentration of this endogenous scavenger of free radicals should protect the cells with less disturbance of the cellular physiology than other compounds, which also influence the cellular antioxidative defence status 19. We performed two different approaches to varying the cellular tocopherol level: (1) ex vivo study: reduction of the vitamin E concentration in rats by a tocopherol-free diet and subsequent treatment of these rat erythrocytes with shock waves; (2) in vitro study: direct supplementation of cell culture medium with ~-tocopherol and shock wave treatment of these L1210 cells.
The haemolysis of erythrocytes of tocopherolsupplemented and -depleted rats was determined after shock-wave treatment. The photometrical determination of free haemoglobin demonstrated a difference (c~ < 0.01) in sensitivity between the two groups (Figure 3) , indicating a protecting effect of tocopherol against shock wave induced cell damage: 28.8 _+ 2.7% (mean _+ s.d.) of the total haemoglobin was released after 250 shock waves from erythrocytes of the control group, against 37.1 + 9.9% from those of the tocopherol-depleted animals. The difference between the two groups was more pronounced, however, when the percentage of geometrically destroyed erythrocytes after 250 shock waves was determined with oo l (Figure 4) . The difference between the percentage of destroyed erythrocytes and the amount of released haemoglobin is due to haemoglobin release through transient membrane ruptures in geometrically intact erythrocytes. Since the membrane permeability of erythrocytes from tocopheroldepleted rats is increased, the amount of haemoglobin per erythrocyte is diminished. In spite of the higher amount of destroyed cells, the release of free haemoglobin after shock-wave treatment is, therefore, only slightly increased in tocopherol-depleted erythrocytes. The tocopherol depletion of rats was ascertained by an increased serum pyruvate kinase activity. This pyruvate kinase, however, is released from necrotic rat tissue during depletion due to a decreased mechanical stability. This decreased stability may also be detectable for erythrocytes and could aggravate the differentiation between mechanical and chemical effects of shock waves and cavitation. The increased haemolysis of shock wave treated erythrocytes from tocopherol-depleted rats, therefore, may not be solely attributable to an increased effect of free radicals.
A more sensitive method than the determination of acute cell death and of free radicals after shock-wave treatment may be the investigation of long-term effects, since cells injured by shock waves and free radicals are altered physiologically. As could be demonstrated with e-tocopherol pretreated L1210 cells exposed to 250 shock waves, a protective effect is visible after a lag-phase of 72h (Figure 6 ), when the pretreated cells started somewhat faster into the exponential replication phase. For these experiments, the exact concentration of Shock waves and free radicals." D. Suhr et al. bioavailable e-tocopherol cannot be given, since the emulsification by ultrasound may already have oxidized some amount of tocopherol by cavitation. Furthermore, reaggregated fat droplets were visible on the medium surface. To circumvent this handling problem of the lipophilic substance, a concentration dependence was tested by the application of an emulsion of e-tocopherol and fish gelatine. In contrast to pure e-tocopherol, this emulsion allowed the application of different defined concentrations, because tocopherol droplets in the nanometre range are stabilized by the gelatine and may be available to the cells by phagocytosis. The given concentrations of the water-insoluble c~-tocopherol, however, will be an estimation of the highest possible concentration, and do not represent the effective concentration for the cells.
The acute viability of L 1210 cells exposed to 250 shock waves, after being cultured in the presence of ~-tocopherol also demonstrated the protective effect of the highest concentration ( Figure 5 ). The protection of 10 -2 M e-tocopherol was more pronounced for a shock wave repetition frequency of 8 Hz (e < 0.1), when more free radicals are produced than at 1 Hz (e < 0.1), as has already been shown in Figure 1 (significance level cannot exceed 0.1 because only three experiments were performed).
The protective effect of c~-tocopherol could also be demonstrated in a concentration dependent manner for the long-term investigation of the growth rate (Figure 7) . Again, after a lag phase of 72 h, the cells supplemented with vitamin E before the shock-wave treatment proliferated faster than control cells. This lag phase of 72 h after shock-wave treatment was not observed in former experiments, where L1210 cells were inoculated after the shock-wave treatment and showed a similar growth rate as the control cells 4. The sensitivity of L1210 cells on shock waves did not change from that of the previous experiments, as was proved with cells of an earlier passage number. Therefore, this difference must be attributed to changes in the experimental set-up, e.g. lower gas content of the lithotripter waterbath.
The protective effect of tocopherol against shock-wave induced cell damage, as we have demonstrated with ex vivo and in vitro experiments, may not be valid in vivo. Strohmaier and colleagues 4°'41, however, have described a protective effect of fosfomycin in vitro and verapamil in vitro and in vivo both in animals and patients. This correlation of in vitro and in vivo experiments encouraged us to initiate an in vivo study of the protective effects of antioxidative vitamins in lithotripsy patients.
Conclusions
We have demonstrated the extra-and intracellular occurrence of cavitation-induced free radicals after shock-wave treatment and have investigated the influence of the radical scavenger e-tocopherol on the viability of such like-treated cells. Since tocopherol increased the viability in ex vivo as well as in in vitro experiments, we conclude that free radicals contribute to some extent to the shock-wave induced cellular damage.
